Forward-backward asymmetries A t F B and A ℓ F B are observed in the top quark t rapidity distribution and in the rapidity distribution of charged leptons ℓ from top quark decay at the Tevatron proton-antiproton collider, and a charge asymmetry A C is seen in proton-proton collisions at the Large Hadron Collider (LHC). In this paper, we update our previous studies of the Tevatron asymmetries using the most recent data. We provide expectations for A C at the LHC based first on simple extrapolations from the Tevatron, and second based on new physics models that can explain the Tevatron asymmetries. We examine the relationship of the two asymmetries A t F B and A ℓ F B . We show their connection through the (V − A) spin correlation between the charged lepton and the top quark with different polarization states. We show that the ratio of the two asymmetries provides independent insight into the physics interpretation of the top quark asymmetry. We emphasize the value of the measurement of both asymmetries, and we conclude that a model which produces more right-handed than left-handed top quarks is suggested by the present Tevatron data.
I. INTRODUCTION
The observation of a larger than expected forward-backward asymmetry A t F B in the rapidity of top quarks produced at the Fermilab Tevatron collider [1, 2] continues to hold considerable attention in the community of particle physicists. It is one of few manifestations of a deviation from predictions of the standard model (SM). That the deviation occurs in the top sector suggests that its interpretation might well involve new physics (NP), given that the large mass of the top quark is comparable in value to the electroweak scale. Indeed, many NP models have been proposed to explain the enhancement of A t F B . These models usually postulate the existence of new states, whether in the direct-channel coupling to tt, or exchanged in a cross-channel and coupling the top quark to first-and/or second-generation quarks. Examples include flavor-changing Z ′ , W ′ [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] and axigluon G ′ models, among others [37, .
Strong constraints on models of new physics come from a variety of sources, whether from low-energy precision data that limit flavor changing couplings of the top quark, or from collider data such as the tt invariant mass distribution and the tt total cross section at the Tevatron. Models of NP also face experimental constraints from searches for new phenomena at the LHC such as the absence of direct evidence thus far for new heavy gauge bosons W ′ [84] and Z ′ , and strong bounds on the cross section at the LHC for the production of pairs of same-sign top quarks [85, 86] .
Of particular interest to us have been the implications of models of new physics for the polarization of the top quark, and methods that can be used to measure the polarization [87] . This focus on the top quark polarization also serves as a unifying theme for the topics discussed in this new paper. In the SM, strong production of tt pairs in quantum chromodynamics (QCD) yields an equal number of positive and negative helicity top quarks, hereafter referred to as t R and t L . Electroweak production in single top quark production, for example, yields primarily t L . Therefore, a demonstration that a significant fraction of top quarks are produced with positive helicity would herald new physics.
In addition to A t F B of the top quark, the D0 group reports a positive forward-backward asymmetry of charged leptons from top quark decays. The measurement is done in two ways [2, 88] , both based on data corresponding to an integrated luminosity of 5.4 fb −1 . The value A ℓ F B = (15.2±4.0)% is measured in the ℓ+jets final states [2] . The second method uses the dilepton final states from tt production, where the W bosons from the t andt decays both decay leptonically. The result obtained is A ℓ FB = (5.8 ± 5.1(stat) ± 1.3(syst))%. A combination of the two measurements yields A ℓ FB = 11.8 ± 3.2%. The combined result may be compared with the values (2.1 ± 0.1)% from simulations of the SM or (4.7 ± 0.1)% once QCD+EW corrections are included [88, 89] , an excess at the level of 2.2 standard deviations.
In a previous paper, we investigated the kinematic and dynamic relationship between the two asymmetries A t F B and A ℓ F B [90] . The fact that A ℓ F B and A t F B are larger than the SM predictions indicates that the charged lepton strongly prefers to move in the same direction as the top quark from which it originates [91, 92] . Data on the ratio of the two asymmetries tend to favor models in which more t R than t L are produced, but confirmation with greater statistical and systematic precision is desirable. A detailed analysis of the SM prediction of the lepton charge asymmetry at the Tevatron and the LHC can be found in Ref. [93] .
In this paper, we elaborate on the studies reported earlier and include new predictions.
We begin in Sec. II with the definitions of the asymmetries measured at the Tevatron.
We summarize the Tevatron data and, using the latest data, we update our earlier fits in the framework of Z ′ , W ′ , and axigluon new physics models. Unlike the Tevatron protonantiproton collider, the LHC proton-proton collider offers no preferred direction for the measurement a rapidity asymmetry. Nevertheless, a charge asymmetries A t C for top quarks and A ℓ C for leptons can be defined and predicted in the SM. Using data from the Tevatron, we estimate what may be observed for these charge asymmetries at the LHC in the context of models of new physics, and we compare these expectations with LHC data in in Sec. III.
As we show, despite limited statistics, the LHC data on the charge asymmetry are also consistent with a deviation from the SM, although perhaps not as great a deviation as expected from an extrapolation from the Tevatron observations. The relationship of A t F B and A ℓ F B is addressed in Sec. IV and in Appendix A where we include detailed derivations of results not published before. The essential starting point is the V − A structure of the matrix element for the decay t → W + b → bℓ + ν. Section IV A contains a discussion of the angular distribution of decay lepton ℓ + , first in the rest frame of the top quark and then after the top quark is boosted in rapidity and transverse momentum.
We pay particular attention to the positive/negative helicity state of the top quark because the final momentum and angular distributions of leptons in the laboratory frame, after the top quark is boosted, depends significantly on the top quark's polarization state. In Sec. IV, we derive the relationship of the lepton asymmetry A 
II. TEVATRON DATA AND UPDATED FITS
The top quark forward-backward asymmetry in tt pair production at the Tevatron is defined as
where ∆y = y t − yt is the difference between the rapidities of the top quark and the anti-top quark, and N(∆y > 0) (N(∆y < 0)) is the number of events with ∆y > 0 (∆y < 0). The proton beam is chosen as the direction of positive z. In the SM, the asymmetry is induced by perturbative diagrams beyond the leading order. It is predicted to be (8.7 ±1.0)%, including NLO EW and QCD corrections [94, 95] . The most recent D0 result in the tt rest frame is
, based on their 5.4 fb −1 luminosity data set, while the measurement from CDF is (16.2±4.7)% based on their data set with integrated luminosity of 8.7 fb −1 [96] .
CDF also reports that A t F B in the region of large tt pair invariant mass (m tt ≥ 450 GeV) exceeds the SM prediction (∼ 3σ), although the significance is not as large as the 3.4σ deviation of CDF's previous result [1] . More explicitly, A t F B (m tt ≥ 450 GeV) = (29.6±6.7)% and the SM prediction is (12.8 ± 1.1)% [95] .
Many new physics models have been proposed to explain the discrepancy of A t F B between data and the SM prediction. Some of these models are now quite sophisticated. It is not our intention in this paper to investigate models in detail. Rather, we explore a few simple models as illustrations of a range of possibilities. We begin in this section with an update of our previous fits to Tevatron data for three models: flavor-changing Z ′ exchange, flavor-changing W ′ exchange, and axigluon models. The minimal version of the Z ′ model implies a large rate for same-sign top quark pair production at the LHC, not supported by data [7, 85, 86] . The W ′ model is highly constrained by data on the tt plus jets final state at the LHC [34, 35, 84] .
The effective interaction between a flavor-changing Z ′ /W ′ and SM particles is
where g 2 is the weak coupling, and
. In addition to the SM process→ g → tt and its NLO corrections, the tt pair will also be produced via a tchannel process with a Z ′ or W ′ mediator. Using "λ i = +" to represent the positive helicity of particle i (right-handed polarization for massless particle), and "λ i = −" the negative helicity (left-handed polarization for massless particle), we express the helicity amplitude
, where a, b, c and d are the color indexes of q,q, t andt, as
The variablesŝ andt are the usual Mandelstam variables, m V ′ is the mass of
t /ŝ, and θ is the polar angle of the top quark in the center mass (c.m. frame) of the tt pair, measured relative to the initial state quark. In the highly boosted limit of β → 1, the nonzero helicity amplitudes are
For the axigluon (G ′ ) model, we assume, for simplicity, that the interaction of the axigluon with the SM quarks is purely pseudo-vector-like and can be written as
where t A ij is the generator of the color SU(3) group; q denotes the first two generation quarks in the SM and Q the third generation quarks. The coupling g s is the usual strong coupling strength; g l and g h are the coupling parameters of the axigluon to the light quark (q, i.e. first two generations) and the heavy quark (Q, i.e. third generation), respectively.
The process→ G ′ → tt contributes to tt production at hadron colliders. Its helicity
where Γ G ′ is the width of axigluon. For m G ′ > 2m t , which is the case in our study,
For coupling strength g l = g h = 1, the ratio
The absence of pronounced deviations from the SM expectation in the measured m tt distribution [1, 2] indicates that the axigluon should be heavy and/or broad. Since the term linear in cos θ appears only in the interference term, the contribution to A t F B in tt production from an axigluon is therefore through interference with the SM channel. Its effect becomes important in the region of large m tt , i.e. β ∼ 1. The interference term in the overall squared amplitude is proportional to
When an axigluon is heavy such that √ŝ < m G ′ , the product of g l g h must be negative to obtain a positive A F B [40, 42, 43] .
We fit data at the Tevatron to determine the parameters of the three new physics models under consideration. The SM contributions at NLO are included along with the contributions from the new physics models. We choose to fit the measured inclusive total cross section for tt production 7.5 ± 0.31(stat) ± 0.34(syst) ± 0.15(Z theory) pb [97] , and A t F B from CDF with 8.7 fb −1 integrated luminosity [96] . We scan the parameter space of the models requiring that the predictions fit the total cross section as well as A t F B for both m tt < 450 GeV (7.8%± 5.4%) and m tt ≥ 450 GeV (29.6% ± 6.7%) within 2σ accuracy. The SM tt cross section we adopt is 6.77 ± 0.73 pb calculated with MCFM6.2 [98] . For the SM predictions of A Figure 1 shows the results of our fits for the three models. We simulate the models using MadGraph5 [99] . The yellow (green) band is the parameter space which fits the Tevatron tt total cross section and A the coupling f Z ′ . When f Z ′ is large enough to bring the total cross section into a region that is consistent with data at the 2σ level, A t F B at high m tt (≥ 450 GeV) becomes too large to fit the data. As a result, only a small parameter space yields a better fit than the SM itself, and it is very difficult to reach agreement with data within 1σ. Therefore, we now conclude that the minimal flavor-changing Z ′ model can barely explain the large deviation of A t F B from the SM observed at the Tevatron. In FIG. 1 In the axigluon case, we scan g l and g h up to 8. For simplicity, we fix
in Eqs. (6) (7) . To achieve good agreement with data at the 1σ level, the mass of axigluon is required to be in the range of about 900 GeV to 1900 GeV. For other axigluon masses, the model can only fit data at the 2σ level. These results are shown in
, we also show some bounds on axigluon masses and couplings obtained from a search for resonances in the dijet invariant mass distribution [101] [102] [103] [104] . To obtain the lower bound on the coupling constant f G ′ , we generate parton level dijet events in the axigluon model using MadGraph5 and MadEvent [99] . After adding the cuts on the final state partons employed in [101] [102] [103] [104] , we obtain the cross sections σ × A, where A represents acceptance.
Comparing these results with the exclusion bound in [101] [102] [103] [104] , we derive the lower bounds of the excluded region for f G ′ as a function of axigluon mass, shown in FIG 1(G ′ ). On the other hand, axigluons with large width cannot be excluded using the search technique described in the ATLAS paper. The contribution from a broad axigluon would cover a large fraction of the search region in the dijet invariant mass and be absorbed into the data-driven background fit. To account for this limitation of the search, we sketch a soft upper limit of
Before concluding this discussion of fits to the Tevatron data, we acknowledge limitations of our approach. For the three new physics models, we compare the tt forward-backward asymmetry with the unfolded data of the CDF collaboration. The unfolded result is obtained under the assumption that the events follow the SM tt event distribution, so the comparison is not exact for new physics models. The correction could be significant for t−channel exotic vector bosons. Indeed, the authors of Ref. [10] show that the cut efficiency is larger in the SM in the region of large m tt than for the case of a t−channel exotic vector boson. There are two main influences of this difference [10] . First, the lower efficiency of the t−channel new physics models, especially in the large m tt region, will suppress the number of large m tt events in the new physics models and release the tension between theory and data.
However, in our analysis, we do not fit the differential cross section in m tt , only the cross section integrated over m tt . Since the cross section falls rapidly with m tt , the pertinent correction is relatively small in our fit. Second, the difference between the cut efficiencies for events with ∆y > 0 and ∆y < 0 in the new physics models will decrease the prediction
Such effects are shown in [10] to be not as large as the cut efficiency effect on the invariant mass distribution. It is worth remarking that the NLO QCD correction for the pure new physics term and for the NP-SM interference term is larger in the large invariant mass region than in the low invariant mass region [33] . The NLO QCD correction will therefore counteract the cut efficiency effect at least partly. A complete investigation that includes both the NLO and cut efficiency effects is desirable, but we judge that the simpler approach used here suffices for our limited purposes.
To summarize this section, we remark that based on the latest A t F B data from CDF at the Tevatron, the simple Z ′ model is disfavored, and a light W ′ ( 1 TeV) is preferred for a small coupling strength, while an axigluon model can give a good fit with an axigluon mass about 1200 GeV ∼ 1900 GeV.
III. LHC PROTON-PROTON COLLIDER
In this section we address the charge asymmetry in rapidity A C measured at the LHC.
We obtain estimates of LHC expectations first by simple extrapolation from the Tevatron data on A t F B and second based on the new physics models whose parameters we determine in Sec. II.
The proton-proton LHC collider is symmetric in rapidity, and it is ambiguous to define the forward or backward region. However, the u and d (valence quarks inside the proton) parton densities carry, on average, a larger fraction of the momentum of the proton than the u and d antiquark densities (sea quarks inside the proton). With the knowledge that there is a forward-backward asymmetry in the perturbative production process for→ tt production, we expect that the top quark at the LHC will be boosted in the direction of the incident quark. As a result, top quarks should accumulate in the region of large rapidity and anti-top quarks will be preferentially in the central region. Therefore, one can define an asymmetry A C at the LHC as
The SM prediction including NLO EW and QCD contributions is A C = 0.0115 at 7 TeV center-of-mass energy [95] , and the predicted value drops when the collider energy increases.
The event generator MC@NLO provides a slightly different result, A C = 0.006 [105] , owing to different normalization and the absence of NLO EW corrections. 
Recent measurements of
The ATLAS central value is an order of magnitude larger than the CMS value, but they agree within the large uncertainties in both experiments, and they are consistent with the SM prediction.
At the LHC, tt production is dominated by the gluon-gluon initial state which provides no asymmetry, and the asymmetry A C generated by the quark-antiquark initial state is therefore expected to be diluted substantially. An approximate estimate for the LHC asymmetry is
The first term represents the fraction of the top-quark pair production cross section induced by theinitial state which is about 17 % in the SM at 7 TeV LHC. The second term is the asymmetry induced by theinitial state. Given that about 88% of the tt production cross section in the SM comes from theinitial state at the Tevatron, A (12) represents the probability of correct identification of the forward direction, namely how frequently the forward direction represents the direction of the initial state quark. This probability has to be evaluated for both the Tevatron and the LHC.
At the Tevatron, the momentum of the proton beam is chosen as the forward direction.
Therefore, the probability is
where the denominator is the total cross section of→ tt and the numerator is the contribution to the total cross section when the initial state quark and antiquark come from proton and anitproton, respectively. An explicit evaluation can be obtained from the integral over parton densities:
where S is the square of the total energy of thepp collision andŝ denotes the square of the energy in the partonic collison.
At the LHC, with no preferred direction in a proton-proton collider, the boost direction of the tt system is chosen to be the forward direction. Hence, the probability of choosing the forward direction correctly is
where the numerator now is the contribution to the total cross section when the initial quark momentum is larger the initial state antiquark momentum. The corresponding integral over parton densities is
We evaluate the efficiencies explicitly using the MSTW parton distribution functions (PDFs) [107] . The efficiencies vary with the invariant mass of the tt system, as shown in Fig. 2 . At the Tevatron, the value of ε T EV is nearly 100%, and the proton (antiproton)
beam represents the direction of initial quark (antiquark) quite well. However, at the LHC, the probability ε LHC that the initial quark direction matches the boost direction of the tt system is lower. We find values in the range 72% − 83%, depending upon the initial state quark and the effective energy of the tt center mass system (FIG. 2) . Since the values of ε's are not 100% at the LHC, the wrong choice of forward direction decreases the absolute value of A t F B . The measured number of forward (backward) events is therefore
is the true number of events in the forward region. As a result, the measured A 
Combining all terms, we expect that Our model-based predictions of A C , to be discussed presently, provide values of A C a little higher than the simple extrapolation. The difference arises because the new physics contributions change the fraction of theinitial state contribution to tt production at the Tevatron and the LHC. The SM prediction for thett cross section is 150 ± 19pb [98] , and the ATLAS measurement is 177 ± 3 (stat.) +8 −7 (syst.) ± 7 (lumi.) pb [108] . In the W ′ and axigluon models, the contribution to tt production from new physics comes only through theinitial state. When the new physics contribution compensates for the excess of the measured tt cross section above the SM contribution, the fraction from→ tt to tt at 7 TeV can increase to about 30% compared with 17% in SM. Therefore, we can expect
, a factor of 2 enhancement with respect to our previous estimate. The analysis above provides an estimation of A C at the LHC from A t F B at the Tevatron. It should be used carefully as there are reasons that it may not be good enough. First, contributions from tt processes with extra partons in the final state are not included in the estimation. They might be important for some new physics models especially for A C [22, 23, 36] . Second, there are models in which A t F B at Tevatron is a residue of the balance between contributions from uū and dd initial states [83] . In this case, A C at the LHC could vary over a wide range since the fraction of the uū and dd initial states is different at the LHC, andε for the u-quark and d-quark is different and dependent on the effective energy of the tt center of mass. Third, for new physics models in which the A t F B results from a resonance effect, there will be a suppression (enhancement) if the resonance is heavy (light [48, 59] ). For the W ′ (and other t−channel new physics models), the associated production process [36]) . We defer it for future study.
IV. A ℓ F B AND ITS CORRELATION WITH A t F B
In addition to the top quark forward-backword asymmetry, the charge lepton asymmetry A ℓ F B is also measured by the D0 collaboration at the Tevatron and by the ATLAS collaboration at the LHC. It is defined as
At the Tevatron,
is the number of events with q ℓ y ℓ > 0 (q ℓ y ℓ < 0), and q ℓ and y ℓ are the sign and rapidity respectively of the charged lepton from the semileptonic decay of a top or anti-top quark in the lepton plus jets events of tt production. As stated in the Introduction, the D0 group reports A ℓ F B = (11.8 ± 3.2)%, a deviation of about 2.2σ above the SM prediction 4.7 ± 0.1% [88] . At the LHC, the ATLAS collaboration measures A 
A. Lepton kinematics and top quark polarization
The charged lepton in top quark decay is a powerful analyzer of the polarization of the top quark [109] . Owing to the V − A structure of the charged current in the SM, the angular distribution of a charged lepton ℓ + from top quark decay
where λ t denotes the top quark helicity, and θ hel is the angle of ℓ + with respect to the direction of motion of the top quark in the overall center-of-mass system of the tt production process.
Throughout this paper, we use the helicity basis in our calculations. We use λ t = + to denote a right-handed top quark (t R ), and λ t = − for a left-handed top quark (t L ). The distributions are shown in FIG. 4(a) . The charged lepton from a right-handed top quark decay prefers to move along the top quark direction of motion, while a lepton from a left-handed top quark moves preferentially against the top quark direction of motion. In the rest frame of the top quark, 75% (25%) of charged leptons from t R (t L ) decay follow the top quark direction of motion, i.e. cos θ hel > 0. Once the top quark is boosted along its spin direction, the angular distribution of the charged lepton relative to the direction of motion of the top quark deviates from (1 ± cos θ),
and it becomes sensitive to the energy of the top quark E t (or equivalently its velocity β).
We derive dΓ Γd cos θ tℓ = 1 − β cos θ tℓ + λ t (cos θ tℓ − β)
where β = 1 − m 2 t /E 2 t , γ = E t /m t and θ tℓ is the angle between the charged lepton and the direction of motion of its parent top quark. As an illustration, we plot in FIG. 4(b) the distribution of cos θ tℓ of the charged lepton for E t = 200 GeV. The leptons from both t L and t R move preferentially forward, more so for t R than t L . About 60% of ℓ + follow the top quark (i.e., cos θ tℓ > 0 ) for t L , and almost 100% for t R .
To obtain the forward-backward asymmetry in the laboratory frame, we must rotate the angular distribution in Eq. 20 from the top direction of motion to the laboratory coordinate axes. We use a function R ℓ, λt F (β, y t ) to represent the probability that a lepton with positive charge lands in the forward region when it originates from a top quark with velocity β, rapidity y t , and polarization λ t . Formally,
where
) denotes the number of leptons ℓ in the forward (backward) region in the laboratory. Moreover,
It is noteworthy that an explicit analytic expression can be obtained for R ℓ, λt F (β, y t ) in the laboratory frame. The derivation is somewhat lengthy, and it is presented in Appendix A 3.
We obtain 
Figures illustrating the behavior of R ℓ,λt F (β, y t ) as a function of y t for different choices of E t , and as a function of y t for different choices of p t may be found in our Ref. [90] , along with a discussion of interesting kinematic features of the curves. We limit ourselves here represents top quarks produced just above the threshold region, where the cross section is greatest, while E t = 600 GeV pertains to highly boosted top quarks. For right-handed top quarks t R (black-solid lines in FIG. 5) , R F increases rapidly with y t in the region y t > 0.
On the contrary, in the case of t L 's, the ratio R F does not vary as significantly with y t . For E t = 200 GeV, the boost causes charged leptons to distribute nearly uniformly, and as a result, R F is close to 0.5 for the allowed range of y t . When the energy of top quark is great enough, the large boost forces most the charged leptons from top quark decays to move along the top quark direction of motion, even for t L .
B. From
The functions R (β, y t ) with the top quark momentum spectrum on an event-by-event basis, i.e.
where d 2 σ| λt=λ dβdy t labels the differential tt production cross section for a top quark with specific kinematics (β, y t , λ t ) and σ stands for tt total production cross section.
The observed positive top-quark asymmetry A 
with N SM F (B) and N NP F (B) being the numbers of events in which the top quark moves with y t > 0(y t < 0) in the SM and induced by NP, respectively, and N
SM(NP) tot
is the total number of events predicted in the SM (induced by NP).
A simplified analysis the correlation between A t F B and A ℓ F B in presented in our Ref. [90] in which we assume that A t F B is generated entirely by new physics. In the explicit numerical predictions presented in the next section all SM contributions including the NLO QCD effects are retained. In the W ′ model, red: 100 GeV ∼ 300 GeV, green: 400 GeV ∼ 500 GeV, blue: 600 GeV ∼ 800 GeV, yellow:> 800 GeV. In the axigluon model, red: 800 GeV ∼ 1300 GeV, green: 1400 GeV ∼ 1700 GeV, blue: 1800 GeV ∼ 2100 GeV, yellow:> 2200 GeV. The (blue) square point is the D0 data A ℓ FB = 11.8 ± 3.2% with its 1σ uncertainty. The (red) vertical line shows A t F B measured by CDF in the 8.7 fb −1 data set, and the two vertical (black) lines present the 1σ uncertainty band.
Lower two panels: the correlation between A t C and A ℓ C at the LHC for the W ′ (left) and axigluon models (right). The vertical (horizontal) red line and the two black dashed lines show the central value of A t C (A ℓ C ) and the 1σ uncertainty bands measured by ATLAS at the LHC.
The correlation between the charged lepton asymmetry and the top quark asymmetry is significantly different for different polarization states of the top quark, and it may therefore shed light on the nature of the physics that causes the forward-backward asymmetries at the Tevatron. In this section, as in our previous study [90] , we choose the W ′ and axigluon models as two reference models to examine the correlation at the Tevatron and the LHC.
The results we show here for the Tevatron are slightly different from our previous results because we now use parameters obtained in Sec II from our fit to the CDF 8.7fb −1 data set.
In addition, we present predictions for the LHC.
The axigluon and W ′ models admit good fits to A t F B at the Tevatron, but they provide distinct predictions for the polarization and kinematics of the final state top quark. The W ′ model produces dominantly t R while the axigluon model generates an equal number of t R and t L with more energetic top quarks since the quarks come from the decay of a heavy axigluon. In FIG. 6 , we show the results of our calculation of the charged lepton asymmetry using the parameters determined in our 1σ fits to the tt total cross section and the most recent CDF data on A The best fits to the lines of points in FIG. 6 at the Tevatron are
For LHC, the best fits are In order to gain greater insight into these correlations, we examine two-dimensional differential distributions of A The size of the top quark asymmetry, in excess of SM expectations, is one indication that new physics may be playing a role. The charged lepton asymmetry provides a second and independent indication of the presence of new physics since it points toward the possibility that more right-than left-handed top quarks are being produced. It is important to confirm the charged lepton asymmetry. This goal could be realized with an analysis of the full data set in D0. We also encourage the CDF collaboration to measure the charge lepton asymmetry.
VI. SUMMARY AND DISCUSSION
A forward-backward asymmetry in rapidity A The asymmetry data alone now show that the minimal Z ′ model is disfavored, a conclusion reinforced by the negative search by CMS for pairs of like-sign top quarks at the LHC. For the W ′ and G ′ models, we show that the parameter space allowed by the asymmetry data is constrained further by LHC searches for tt plus one jet events and for enhancements in the dijet mass distribution, respectively. More sophisticated models can certainly be devised as extensions of the simple Z ′ , W ′ , and axigluon G ′ models considered here. Our conclusions are limited to the models defined in Sec. II.
Our analysis of the Tevatron data is then used to obtain predictions for A C at the LHC.
First, the association of the asymmetry A As discussed in Sec. II, we fit Tevatron data on the inclusive total cross section for tt production and A t F B in order to determine the parameters of the new physics models under consideration, explaining the reasons we do not include data on the differential cross section in the invariant mass m tt (see, in particular, the paragraph immediately following Eq. (9) and the next-to-last paragraph of the same section). More recent measurements of the m tt distribution at the LHC by the ATLAS [110] and CMS [111, 112] No excess beyond the prediction of the SM is observed in the region of large m tt in the LHC data, suggesting stringent limitations on models that predict an increase in the tt rate at high m tt . This constraint is investigated in Refs. [14, 24] Once statistical precision improves sufficiently at large values of m tt , there is no doubt that fits to the differential distribution in m tt should be done. However, we caution again that a thorough analysis would require computation of the new physics contributions at NLO, include the effects of parton showering, and take into account experimental acceptance cuts whose effects are particularly significant at large values of m tt (c.f., Ref [10] ). The analysis in terms of new physics models is also complicated by the fact that data on the m tt distribution are unfolded in terms of the SM shape and cut efficiencies. When considering models more sophisticated than those we use here for illustrative purposes, one should bear in mind that the ultraviolet (UV) completion of the effective model can include the introduction of new particles that affect the reliable prediction of the large mass tail of the m tt distribution (see, for example Ref. [16] [17] [18] [19] 21] ). We readily acknowledge the value of the differential distribution in m tt for constraints on models, but we defer this study to future work.
In addition to the top quark asymmetry, the charged lepton forward-backward asymmetry As a final point, we remark that the definitions of the asymmetries require a specification of the reference frame in which they are measured, whether the laboratory frame or the tt rest frame. In this paper, we begin with A t F B in the tt rest frame since the highest statistics value of A t F B is measured by CDF in the tt rest frame at the Tevatron. On the other hand, the only Tevatron data on A ℓ F B are measured by D0 in the lab frame. To take frame dependence into account, one could begin from
The boost tends to reduce A t F B in laboratory frame relative to the tt frame [38] . The reduction is about 30% for the SM, but may be different when new physics is included since the kinematics of tt change slightly. As a result, A We present our detailed calculation of the energy and angular distributions of the charged lepton from the decay t → W + b → bℓ + ν.
The charged-lepton distributions
In the top quark rest frame, the energy and angular distribution of the charged lepton
where Taking the narrow width approximation for the W , we have
where Θ(x) is the Heaviside step function, and Θ(x − B) ensures the top quark decays into an on-shell W -boson.
Note that the energy distribution and the angular distribution are separable functions in the top quark rest frame. This implies that, after an integration over the angular distribution, the energy distributions of the leptons are identical from left-handed and right-handed top quarks.
R F along the direction of motion of a boosted top-quark
We consider next a boost of the top quark along its helicity axis with a velocity β. As a result of the boost, the angular z and energy x = 2E ℓ /E t distributions of the lepton become correlated. The lepton momentum and angular distribution in this new frame of reference is
Since the lepton's energy spectrum cannot be negative, the upper limit of the integration over x is determined by the following condition
The lower limit is fixed by the Heaviside function in Eq. A3, Figure 8 shows the lepton distribution along the direction of motion of the top-quarkẑ( p t ) in the boosted frame. The intercepts along theẑ-axis (i.e. the four black-bold points)
are determine by the upper and lower limits of x stated above. Only the shaded region is allowed by kinematics, and the inner white region is excluded by the on-shell condition of the W -boson. The angular distribution of the charged lepton is
from which we obtain the normalized angular distribution:
Along the direction of motion of the top quark, the charged lepton is in the forward region with z = cos θ > 0 and in the backward region with z = cos θ < 0. The partial width of the charged lepton in the forward region is
and the partial width of the charged lepton in the backward region is
The forward fraction ratio R F is
Since β ≤ 1, R F for a right-handed top quark is always larger than 75%. On the other hand, for left-handed top quarks, the leptons tend to move opposite the direction of the boost in the top quark rest frame. Owing to this anti-boost effect, there is a critical point of R F = 50% for a left-handed top quark. The critical point occurs at β = √ 2 − 1 ≈ 0.414, i.e. E t ≈ 191.5 GeV.
R F in the laboratory frame
The direction of motion of a top quark does not generally coincide with the beam direction, and, therefore, the ratio R F derived in the previous section does not describe the probability of finding a charged lepton in the forward region of the detector. In this section we generalize R F to the situation in which the top quark kinematics in the laboratory frame are described by its velocity β and rapidity y t , or equivalently, by its traverse momentum p T and rapidity y t . To obtain R F , we will rotate the lepton momentum and angular distribution in Eq. A3 to the laboratory frame and then integrate over the forward hemisphere in this laboratory frame. Figure 9 illustrates the charged lepton distribution in the laboratory frame whose axes are labeled (X,Ŷ ,Ẑ). The top quark boost is along its helicity axisη. The calculation of the decay distribution of the lepton can be carried out in the new frame (ξ,ζ,η). The angle betweenη andẐ is denoted Θ, with k ≡ − tan Θ. For simplicity we require one common transverse direction for the two frames,X andξ. The important point to make is that the transverse plane P (X-Ŷ ), which separates the forward (Z > 0) and backward (Z < 0) regions in the laboratory, is not perpendicular to the direction of motion of the top quark.
Our task is to calculate the fraction of the charged leptons that fall in the forward region The major semi-axis of the decay ellipsoid is the η-axis direction, with focus at the origin of the two coordinate systems, the top quark decay coordinate frame and the laboratory frame. The ξ-axis lies in the transverse plane P , and the relationship of the values of η and ζ for points in this plane is given by the equation of the line obtained by projecting the eta and zeta axes onto plane P . η = kζ, k < 0.
We introduce polar coordinates, ξ = sin θ cos φ, ζ = sin θ sin φ, η = cos θ,
where θ is the polar angle, and φ is the azimuth angle in the frame (ξ,ζ,η). Throughout this work we choose the convention that the φ angle is in the region [0, 2π), which means 0 ≤ φ < 2π. In terms of these polar coordinates, the equation relating points in the plane P becomes cot θ = k sin φ.
Consider the case of a top quark with positive rapidity (k 0, i.e. y t 0). Charged leptons on the right (left) of the P -plane are in the forward (backward) region in the laboratory. Their momenta satisfy the conditions η > kζ (η < kζ), respectively. In the polar coordinates, the conditions become:
forward region : sin φ > cot θ k , backward region : sin φ < cot θ k .
These two inequalities then specify the region of integration over the θ and φ angles as follows:
• cot θ/k −1: the condition sin φ > cot θ/k is always valid. Therefore, the charged lepton is always in the forward region. The integration regions are θ arccot(−k) and φ ∈ (0, 2π).
• cot θ/k 1 (i.e. θ arccot(k)): there is no solution because no φ can satisfy sin φ ≥ cot θ/k 1.
• −1 < cot θ/k < 1: When θ > π/2 , φ ∈ (arcsin cot θ k , π − arcsin cot θ k );
and for θ π/2, φ ∈ 0, π − arcsin cot θ k ∪ 2π + arcsin cot θ k , 2π .
We summarize the integration regions in Table I .
The lepton spectrum from decay of the top quark is 
The values of φ min and φ max are listed in the Table, 
where we change the integration variable z to t = z/(k √ 1 − z 2 ) in the second step. The integration can be done analytically, but special care is needed at the upper and lower limit where the integral is not analytically continuous. We approach the upper bound from the left and the lower limit from the right, obtaining
Hence, Γ
Finally, for a top quark in the forward region, i.e. k 0 or y t 0, the fraction of leptons in the forward region is
For a top quark in the backward region the result is 1 − R F (choosing the opposite k).
We may use k 2 = tan 2 Θ t = −1 + β 2 coth 2 y t to make the connection to the top quark rapidity more apparent: Because k 2 = −1 + β 2 coth 2 y t should be greater than 0, we require coth 2 y t 1/β 2 . In the region β ∈ √ 2 − 1, 1 2 we find that R λt F (β, y t ) is nearly constant for left-handed top quartks.
